The polyenes, amphotericin B and mepartricin and the imidazoles, miconazole, ketoconazole, itraconazole and fluconazole, were studied either alone or in paired polyene-imidazole combinations to determine their activity in vitro against clinical yeast isolates. The methods included shaken and standing liquid cultures, continuous cultures and chequerboard titrations, with or without the incorporation of pooled human plasma. The polyenes were found to exert an immediate cidal action even with high cell populations whereas the imidazoles demonstrated a timedependent fungistalic activity which increased very slowly with increase in drug concentration. The interactions observed with the paired combinations were consistent and were found to be anomalous with all methods used. The activity of the imidazoles was enhanced by the presence of the polyenes; by contrast the polyenes were strongly antagonized by the imidazoles.
Introduction
The use of combination therapy for the treatment of infection is common in clinical practice, especially in immunocompromised patients. Several antibacterial combinations have been used successfully as first line empirical therapy for suspected bacterial infection, but in the patient who fails to respond to these, antifungal agents are usually added. The only regimen of proven efficacy against opportunistic fungi, particularly Cryptococcus neoformans, is the combination of amphotericin B and 5-fluorocytosine (Block & Bennett, 1973; Saunders, Goolden & Darrell, 1978; Scholer, 1980) . The potential advantages of combination chemotherapy include: reduced incidence of emergence of resistant strains during therapy; lower dosage and/or duration of therapy, and consequently reduced risk of toxicity without loss of clinical efficacy; a broader spectrum of activity against polymicrobial infections; and synergy, for example, by alteration of cell permeability allowing an otherwise inactive drug to reach its site of action.
Polyene-imidazole interactions in vitro have been reported as synergistic (Beggs, Sarosi & Steele, 1976) , antagonistic (Schacter et al., 1976; Dupont & Drouhet, 1977; Cosgrove, Beezer & Miles, 1978; Dupont & Drouhet, 1979; Brajtburg et al., 1982; Sud & Feingold, 1983) , or additive (Beggs et al., 1976; Graybill et al., 1980; Odds, 1982) , against a variety of yeasts and other fungi. In animal experiments the combination of amphotericin B and ketoconazole against C. neoformans was reported as additive (Graybill et al., 1980) , whereas one case report had shown the interactions of amphotericin B and miconazole to be antagonistic against Candida albicans (Schacter 491 et al., 1976) ; by contrast another case report had shown synergy between amphotericin B and ketoconazole against Coccidioides immitis (Davis & Donovan, 1979) . In view of these conflicting reports the present study was undertaken to evaluate the interaction between two polyenes and four imidazoles in a variety of in-vitro systems.
Materials and methods

Yeast strains
Studies were performed on a collection of yeasts isolated from patients undergoing bone marrow transplantation at Westminster Children's and Westminster Hospitals, London. All isolates were identified with the API 20C auxanogram system and were stored in 10% glycerol at -70°C.
Antifungal drugs
The antifungal drugs were kindly donated by the manufacturers and included amphotericin B (E. R. Squibb) mepartricin (SPA Milan), miconazole, ketoconazole and itraconazole (Janssen Pharmaceuticals) and fluconazole (Pfizer UK). All the drugs were dissolved in 100% dimethylformamide (BDH Chemicals Ltd) to stock solutions of 1000 mg/1 for the polyenes and 10,000 mg/1 for the imidazoles.
Culture media
Yeast nitrogen base (YNB) (Difco) at pH 7-2 was used in all experiments with and without added plasma (10%) as described earlier (Petrou & Rogers, 1985) . For viable count estimations Sabouraud's dextrose agar plates (Difco) were used with 01 % Triton X-100 phosphate buffer pH 7-2 (BDH Chemicals Ltd) as diluent.
Shaken liquid cultures
Fresh medium was dispensed in 20-ml volumes into sterile 100-ml Erlenmeyer flasks. A standardized inoculum of approximately 2 x 10 6 cells/ml, adjusted microscopically, was added to each flask in 100-/il volumes before the flasks were placed in an orbital shaker incubator (New Brunswick Scientific) which was preset at 37 C C and 230 rpm. The cultures were incubated for 2 h before the drugs were added and the time of drug addition was taken as zero hour (0 h). Each of the two polyenes (0-5 mg/1) was tested in combination with each of the four imidazoles (5 mg/1); cultures with single drugs and without drugs were also included; and both YNB and YNB +10% plasma were used in all cases. Five isolates of C. albicans and one each of the following species were used: C. glabrata, C. parapsilosis, C. pseudotropicalis, C. tropicalis and Saccharomyces cerevisiae. Standard dilution and plate count techniques were used to estimate the viable count over a 48-h period. The samples were plated in triplicate and incubated at 37°C for 48 h. All experiments were repeated at least three times.
In order to evaluate the loss of drug potency in the medium during incubation, liquid media without the inoculum were also incubated in parallel in the orbital shaker. After 24 h incubation the same inoculum was added and the killing curves of the two groups were compared. The polyenes were tested at 10, 5, 1, 0-5 and 0-1 mg/1 and the imidazoles at 50, 10, 5, 1 and 0-5 mg/1. Two strains of C. albicans were used and the experiments were performed twice.
Standing liquid cultures
These were performed in 5-ml volumes of freshly prepared YNB and YNB+10% plasma, in sterile glass universal bottles. Single-drug cultures, paired combinations between the polyenes and the imidazoles and control cultures were included. For singledrug studies, serial two-fold dilutions were made, as for standard MIC determination, and for two-drug interaction studies, the two drugs were either added together and serially diluted or diluted alone at twice the required concentration and mixed in equal volumes. The concentration ranges were: 8-0-006 mg/1 for the polyenes and 80-0-06 mg/1 for the imidazoles. The final inoculum was adjusted to 10 s cells/ml and the viable count was estimated at 0, 24 and 48 h. Three strains of C. albicans and one each of C. pseudotropicalis and S. cerevisiae were used, and the experiments were performed three times in duplicate.
Continuous cultures
The continuous cultures were performed in a 7-0 x 17-5 cm cylindrical chemostat vessel which had a water jacket over 12 cm in length and a 100-ml working volume (Pirt & Callow, 1964) . Nutrient was added to the culture through a nutrient break which was passed through a rubber stopper and consisted of a nutrient flow tube, an air flow inlet and a Suba-Seal stopper holder. Temperature was maintained at 37°C by means of circulating distilled water through the inlet (bottom) to the outlet (top) of the vessel jacket, using a water bath, kept at 37-5°C, and a diaphragm pump which delivered 750 ml/min (Capex 3, Charles Austin Pumps Ltd). Up to four chemostats were connected without temperature reductions greater than 1°C. The pH was monitored by removal of samples at regular time intervals and was adjusted with 1 M HC1 or 1 M NaOH when needed. The culture was stirred at 750 rpm by means of a magnetic stirrer and flea arrangement (Voss Instruments Ltd). Air was pumped through a NaCl miniature line filter (Microflow Pathfinder Ltd) at 250 ml/min using a diaphragm pump (Dymox 1, Charles Austin Pumps Ltd). Medium was added to the culture by means of a ten channel flow inducer (Sodeco-Saia). The nutrient flow was regulated by changing the silicon tubing to a higher or a lower diameter, and was monitored by means of a graduated pipette filled with medium drawn from the reservoir. The flow rate was adjusted to 10 ml/h (dilution rate D = flow rate/volume of culture = 01/h).
The chemostat and its attachments, including growth medium (5 litres), growth medium with drug (1 litre) and effluent (5 litres) reservoirs, was assembled and all the end tubings were fitted with NaCl filters. The large medium reservoir was filled with 4-5 litres of distilled water and the reservoirs which were to contain medium and drugs with 900 ml of distilled water. The whole system was sterilized by autoclaving at 121°C for 1 h. After sterilization, the pumps were connected following which 95 ml of medium (glucose 10 g/1) and 5 ml of an overnight culture (final concentration of 1 x 10 5 cells/ml) were added aseptically to the chemostat through the Suba-Seal stopper with the aid of a syringe and needle (the needle being inserted into a piece of fine silicone tubing which could be lowered into the culture for sampling). The controls, temperature, aeration and mixer were switched on and the culture was left overnight without addition of fresh medium. The medium inducer which was connected only to the large reservoir, to which 500 ml of ten-fold concentrate medium was added (glucose 2 mg/1), was finally switched on and samples were removed at regular time intervals through the Suba-Seal, needle-silicon tubing and syringe arrangement. Sampling was continued over a period of two to three days until a steady-state was established. Four chemostats were used for single drug activity and two-drug interaction studies. For steady drug concentration the drug or drugs were added both to the medium reservoir and to the culture, while for decreasing drug concentration the drug or drugs were added only to the culture. One of the chemostats remained connected to the main (large) reservoir and served as control for the steady-state. Two-ml samples were removed at regular time intervals and the optical density (OD 540 nm), total count and viable count were determined. In order to choose the best parameter for estimation of drug activity, as well as to determine the effect of the drugs on large cell populations, amphotericin B was tested at five concentrations: 20-0-5 mg/1; miconazole and ketoconazole at four concentrations: 200-5 mg/1; and the data from the three parameters measured were subjected to statistical analysis. Amphotericin B was paired with miconazole and ketoconazole against C. albicans WCC001 as the test organism.
Chequerboard titrations
The pattern formed by multiple combinations of two drugs consisted of a minimum of eight columns per drug. The concentrations for each drug were chosen so as to have at least two above and five below the MIC of the test organisms. The first drug was diluted down the ordinate (y-axis) with each column having the same concentrations and the second drug was diluted along the abscissa (x-axis). Each square (i.e. plate) in the chequerboard therefore had a unique combination of the two drugs. The first row to the left and the bottom row of the chequerboard contained single drug concentrations and the plate common to both rows contained no drug. Each of the two polyenes was paired with each of the four imidazoles on 2% YNB agar, with concentration ranges of 8-003 mg/1 for the polyenes and 64-006mg/1 for the imidazoles. The plates were inoculated with a Denley multipoint inoculator (A 400) which delivered 1 fi\ of a 10 5 cfu/ml inoculum. The plates were incubated at 37°C and the results were recorded after 48 h incubation. The organisms together with the number of strains used are shown in Table II (total 60 isolates). The experiments were performed three times in duplicate.
Determination of the shape of the isobologram
The two polyenes were each paired with miconazole or ketoconazole in YNB liquid medium. C. albicans WCC002 was chosen as the test organism and the MICs for this strain of the four drugs were: amphotericin B 05, MEPA mepartricin 0-25, miconazole 4-4 and ketoconazole 8-0 mg/1, by viable count MIC determinations (Odds, 1982) . The drug concentrations started at one tenth of the MIC and were increased by the same amount to four times the MIC for the polyenes and twice the MIC for the imidazoles. The tubes were inoculated with a standardized inoculum to achieve a final concentration of 10 5 cfu/ml. The viable count of all tubes cultured was estimated after 24 and 48 h incubation.
Statistical analysis
Significance values were determined by the use of the student's t-test and probability levels from the values of / were established from standard statistical tables. Sets of results which could be formulated as straight line equations, i.e. log viable count vs. time in the continuous culture system, were subjected to regression analysis and the value of t was calculated from the correlation coefficient.
Results
Drug interactions assessed by killing curves
Orbital shaken cultures. As shown in Figure 1 the two polyenes were highly cidal at the concentration used, with amphotericin B exhibiting a sequential effect of cidal, static and no activity with prolonged incubation. The activity of mepartricin was affected to a lesser degree by prolonged incubation. Incorporation of plasma enhanced the activity of amphotericin B but slightly reduced that of mepartricin. The four imadazoles as single drugs acted in a similar manner; they were fungistatic and showed reduction in activity on incorporation of plasma. In YNB the paired combinations of amphotericin and the four imidazoles were antagonistic during the first 24 h of incubation, whereas the combinations were each more active than amphotericin B alone during the following 24 h of incubation. By contrast antagonism was seen during the whole period of incubation in YNB + plasma. The imidazoles consistently antagonized mepartricin throughout the experiment in both YNB and YNB + plasma.
The results obtained with the other yeasts were similar to those presented for C. albicans except for C. pseudotropicalis which was highly sensitive to the imidazoles and C. glabrata which failed to grow in the presence of plasma.
Preincubation in the culture medium for 24 h did not result in any loss of potency of either polyene at concentrations > 5 mg/1. However at concentrations < 1 mg/1 their potency was reduced by > 80%. Preincubation did not affect the potency of any of the four imidazoles at the concentrations tested.
Standing liquid culures. The two polyenes at the concentration range used showed three phases of activity: no activity at low concentrations, cidal activity at high concentrations and fungistatic activity in between (Figures 2 and 3) . Incorporation of plasma affected the activity of the two polyenes similarly to its effect in the shaken cultures. Both in YNB and YNB with plasma the imidazoles exhibited a partial inhibitory effect over a wide concentration range. With the exception of fluconazole the imidazoles were weakly cidal at high concentrations. The growth achieved by the organism during the first 24 h period increased only marginally during the second 24 h period of incubation, even at very low drug concentrations. On incorporation of plasma the activity of all imidazoles was reduced and only ketoconazole at 80 mg/1 achieved a cidal effect. The imidazoles in combination with the polyenes acted as single agents at low concentrations; by contrast at higher concentrations even though their activity was greater than that shown as single drugs, they strongly antagonized the activity of the two polyenes independently of the period of incubation or medium used.
The results obtained with C. pseudotropicalis and S. cerevisiae closely matched those shown in Figures 2 and 3 for C. albicans.
Continuous cultures. Steady state was achieved at cell populations in the order of 1-3 x 10 7 cells/ml (mean value 2-2 x 10 7 cells/ml). The mean values for the rates of biomass decrease calculated from the plots of optical density, total count and viable Table I . The theoretical rate of biomass decrease at the dilution rate (£>) employed should be -01 h~', when calculated from the 'residence time' equation (fraction remaining = l-e~D r ). At the theoretical rate of biomass decrease, growth of the whole cell population is suppressed, e.g. when the carbon source is withheld. The concentration of amphotericin B required to suppress growth of the whole cell population as measured by optical density was in excess of 10 mg/1; from the total count this concentration was estimated to be 5 mg/1, whereas the equivalent effect on the viable count was achieved by a concentration below 0-5 mg/1. Therefore amphotericin B exerted an immediate cidal effect at low drug concentrations, even with high cell populations. The two imidazoles acted similarly to each other and cidal activity could be seen only at 200 mg/1. The plots of optical density against time showed no correlation and this can be explained by the increase in turbidity following drug addition.
Poor correlation was also found between the total count data. From the viable count data, for which statistical significance was obtained, it was found that the imidazoles exerted a fungistatic effect which increased very slowly with increasing drug concentration. The regression line of log viable count against time for each of the drugs alone with decreasing drug concentration (Figure 4 ) gave a correlation coefficient > 0-95 (P < 0-05). Addition of the imidazole to the chemostat containing amphotericin B altered the correlation coefficient and in both media the interactions were highly antagononistic. The combined activity of amphotericin B with each of the two imidazoles was more than that of each of the imidazoles as single agents but less than the activity of amphotericin B alone, indicating that the interactions between amphotericin B and miconazole or ketoconazole were antagonistic.
Drug interactions in chequerboard titrations
Agar dilution method. The paired polyene-imidazole combinations on solid YNB medium (Table II) were antagonistic with all the species tested. The FIC index ranged between 1-5 and 6-35. The rate of log viable count vs time is a negative value. b P > 0-05, all other data P < 0-001 (P values correspond to the t values for comparison of regression coefficient with zero).
I, Increase in optical density after drug addition. The shape of the isobologram. From the shape of the isobols in Figure 6 it can be seen that the interaction between polyenes and imidazoles is anomalous, whereby the imidazoles antagonized the activity of the polyenes but the polyenes did not affect the activity of the imidazoles.
Discussion
The polyene-imidazole interactions were found to be anomalous but antagonism was the principal interaction. However, the degree of antagonism was found to be partly dependent on the experimental method used.
Any one of five different interactions can occur between two drugs when tested in combination against microorganisms, namely synergistic, additive, indifferent, antagonistic and anomalous (McAllister, 1974) . Although the definitions of these interactions in the literature are very consistent, the limits set by different investigators are variable and as Shadomy el al. (1975) have pointed out, they can be either too stringent (Jawetz, 1968) or too lax (Barry & Sabath, 1974) . Furthermore the limits can vary in studies which present identical graphical representation of interactions such as those presented by Berenbaum (1978) who defined synergy as an FIC index < 1 and antagonism > 1, whereas Krogstad & Moellering (1980) proposed FIC indices of < 0-5 and > 2 respectively, for interactions in chequerboard titrations. It is not difficult to understand the reasons behind these discrepancies, especially in studies where doubling dilutions are employed. An experimental error of one dilution can lower the FIC of the drug to 0-5 or can increase it to 20; therefore these two numerical values can correctly be chosen as the limits for interactions. It is very important therefore, that many different test models and multiple experiments are employed to minimize experimental error, before a final conclusion can be drawn on the type of interaction between two drugs.
In the orbital shaken liquid culture system in YNB amphotericin B reduced the viable count in the first 24 h period and then the culture entered exponential growth with a growth rate comparable with that of the drug-free control. However, in the paired combinations the culture remained almost static during the second 24-h period suggesting synergy; this effect has been shown previously (Beggs et al., 1976) . Taking into consideration the reduction in activity of amphotericin B during incubation, because of oxidation (Schaffner & Frick, 1985) , this interaction cannot be interpreted as true synergy since only the imidazole is active during this period.
The choice of growth parameters can influence the interpretation of MICs and thus the interactions in liquid media. The most widely used growth parameters for estimation of drug activity are, in order of preference, optical density (synonymous with turbidity in the spectrophotometric method), viable count and total count. The problems involved in the assessment of antifungal drug activity in liquid media using optical density as the growth parameter were first highlighted by Odds (1979) . Optical density was recommended as the parameter of choice for preparing yeast inocula (Pfaller et al., 1988) but, as has been shown in this study, reproducible results could be obtained for the polyenes but not the imidazoles. This can be explained partly by the increase in turbidity caused by the addition of the drug and partly by changes in the cell membrane, cell volume, cell division and overall shape of the cells brought about by the drugs (Borgers, 1980) . The continuous culture system, though laborious and time consuming, was found to be the most sensitive of the methods used and to provide highly reproducible results. In this system when the polyene and the imidazole were added to the culture simultaneously or the imidazole was added 2 h after the polyene, the activity rate of the polyene was reduced, indicating an antagonistic interaction. Addition of the polyene 2 h after the imidazole had no effect on the imidazole inhibitory rate whereas addition of polyene to polyene or imidazole to imidazole resulted in an additive interaction (Petrou, 1989) . These findings suggest that the imidazole might displace the polyene from the cell membrane or any other binding sites on the cell. The explanation for antagonism between polyenes and imidazoles offered by Sud & Feingold (1983) and Schaffner & Frick (1985) -the inhibition of ergosterol formation by the imidazoles, and thus prevention of polyene action-cannot be applied in this study, since both the polyenes and the imidazoles had an equal chance to act on a normal ergosterolcontaining inoculum.
The mode of action of both groups of drugs is complex (Petrou & Rogers, 1985; Thomas, 1986; Brajtburg et al., 1990) ; however, it is known that for each drug to achieve its inhibitory effect it must bind to specific sites on the cell membrane. This raises the possibility that the antagonistic interaction observed was due to competition for binding sites between the two groups of drugs. The polyene antifungals approach the cell membrane via two routes: first, by direct passage from cell surroundings to the membrane and secondly, by an indirect route in which the wall lipids act as intermediate binding sites (Gale et al., 1975) . As both the polyenes and the imidazoles exhibit a high affinity for protein binding (Block et al., 1974) , it is reasonable to assume that the expected primary binding site on the fungal cell membrane would be the membrane proteins for both groups of drugs. The imidazoles, being smaller molecules then the polyenes, will arrive at the primary binding site first and when they detach themselves, in order to penetrate the cell, they may disturb the physical properties and chemical distribution of the membrane in such a manner as to impede the approach of the polyene. This hypothesis was supported by scanning electron microscopical findings (Petrou, 1989) , where the number of amphotericin B-or mepartricin-induced cell wall depressions was reduced by as much as 70% when miconazole or ketoconazole was added to the culture together with the polyene.
As was shown by the shaken and standing liquid cultures the imidazoles did not fully inhibit growth during the first 24 h of incubation, but they did prevent growth thereafter. These findings confirm that the time-dependent effect previously reported for itraconazole (Petrou & Rogers, 1988 ) also applies to the other imidazoles. The imidazoles have at least two recognized modes of action: firstly, direct membrane action (Sud, Chou & Feingold, 1979; Yamaguchi & Iwata, 1979; Sud & Feingold, 1981; Beggs, 1983; Ansehn & Nilsson, 1984) and secondly, the inhibition of enzymatic conversion of lanosterol to ergosterol by their action on cytochrome p 450 (Plempel, 1979; Sud & Feingold, 1981; Brajtburg et al., 1982; Thomas, 1986) . The first mode of action is immediate at high drug concentrations and can cause death of the fungal cell, whereas at low drug concentrations it causes alterations in the cell membrane and can take less than 2 h to suppress growth (Swamy, Sirsi & Rao, 1974; Borgers & Van den Bossche, 1982; Thomas, 1986) . However in this study, we found that the time needed to suppress growth was up to 24 h. This is a much longer time than would be required to deplete the cell of ergosterol; therefore the inhibition and the cidal activity observed, especially with ketoconazole at concentrations > 40 mg/1, must be due to a combination of drug effects which might include a third or even fourth mode of action-perhaps impairment of respiratory processes of the cell (Uno, Shigematsu & Arai, 1982) or inhibition of oxidative and peroxidative membrane-bound enzymes (Borgers, 1980) . Even though the azoles have several inhibitory targets in the fungal cell, they antagonize the polyenes in vitro and from limited reports are also antagonistic in vivo (Schacter et al., 1976) . We conclude that these combinations should be avoided, especially when treatment by an imidazole is followed by the polyene. However before such firm recommendations can be made in-vivo studies are necessary.
